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Biosynthesis of PGI 2 is elevated along with TxA 2 in human syndromes of platelet activation (22, 23) , and the formation and activity of the two prostaglandins may interact via several mechanisms. TP agonists evoke PGI 2 release from endothelial cells in vitro (24) , and plateletderived endoperoxide precursors of TxA 2 may also be utilized by endothelial COX to generate PGI 2 in vitro (25) . Pharmacological inhibition of Tx synthase enhances rediversion of endoperoxides to platelet inhibitory prostanoids, such as PGI 2 , in vivo (26) . Both the arachidonic acid in microparticles shed by activated platelets (27) and platelet-derived TxA 2 evoke COX-2-dependent PGI 2 formation by endothelial cells (28) . Considerable evidence also exists for cross talk between IP-and TP-dependent signaling pathways. Thus, TP desensitization evokes sensitization to IP agonists (29) , and IP activation evokes TP desensitization (30) .
Our data establish that endogenous PGI 2 modulates the cardiovascular actions of TxA 2 in vivo. This interplay may be relevant to the cardiovascular effects of selective COX-2 inhibitors, which, unlike aspirin and NSAIDs, depress PGI 2 without coincidental inhibition of TxA 2 formed by COX-1 in platelets. Although our results suggest that the enhancement of the deleterious effects of TxA 2 is a plausible explanation for the cardiovascular outcome in the VIGOR trial, they do not exclude a contributory role for naproxen's cardioprotective effect. Indeed, both mechanisms may be important. If the estimate of the difference in incidence rates of myocardial infarction between the groups is accurate, it is roughly twice that expected if naproxen was affording cardioprotection via sustained inhibition of platelet COX-1 (31) .
The response to carotid vascular injury was modified by both TP antagonism and TP deletion. Although our mouse models do not perfectly simulate percutaneous angioplasty on an atherosclerotic background in humans, it prompts reconsideration of the potential utility of TP antagonists in this setting. Two clinical trials have compared TP antagonists with aspirin for the prevention of restenosis after angioplasty (32, 33) . TP antagonists, in contrast to aspirin, do not depress PGI 2 formation. Patients received periprocedural aspirin before randomization to continuing aspirin or a TP antagonist for the following 6 months. However, the aspirin regimen used depresses the procedure-related increment in PGI 2 biosynthesis (16 Current techniques for three-dimensional (3D) optical microscopy (deconvolution, confocal microscopy, and optical coherence tomography) generate 3D data by "optically sectioning" the specimen. This places severe constraints on the maximum thickness of a specimen that can be imaged. We have developed a microscopy technique that uses optical projection tomography (OPT ) to produce high-resolution 3D images of both fluorescent and nonfluorescent biological specimens with a thickness of up to 15 millimeters. OPT microscopy allows the rapid mapping of the tissue distribution of RNA and protein expression in intact embryos or organ systems and can therefore be instrumental in studies of developmental biology or gene function. 3), but reconstructing a specimen that is a few millimeters across still requires the cutting of hundreds of individual sections. Although confocal microscopy can image to a depth of approximately 1 mm, particularly in the case of the recently developed two-photon and multiphoton techniques (4), this is not sufficient to image many specimens intact. Additionally, confocal microscopy is limited to imaging only fluorescent signals, making it unsuitable for analysis of the colored dyes used in many biochemical assays [such as X-galactopyranoside (X-gal) detection of LacZ reporter gene activity, 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT) detection of in situ hybridization, or placental alkaline phosphatase (PLAP) reporter gene activity]. Another 3D optical technique, optical coherence tomography (5), can image to greater depths than can confocal microscopy (up to 2 to 3 mm), but still cannot image complete mouse embryos. A nonoptical technique that shows great potential for developmental biology is microscopic magnetic resonance imaging (MRI) (6) . Highcontrast agents have recently been developed that allow the detection of LacZ reporter expression within living specimens (7) . However, the complexity and expense of this technique, coupled with its inability to image commonly used assays, such as colored or fluorescent dyes, make it unsuitable for general application.
Tomographic reconstruction of an object is possible using information about sections of the object, projections of the object, or both. Current forms of 3D optical microscopy use the principle of section tomography; for instance, confocal microscopy generates "optical sections" through a specimen by focusing on a particular plane and minimizing noise coming from out-of-focus regions. This form of tomog- The specimen is rotated within a cylinder of agarose while held in position for imaging by a microscope. Light transmitted from the specimen (blue lines) is focused by the lenses onto the camera-imaging chip (CIC). The apparatus is adjusted so that light emitted from a section that is perpendicular to the axis of rotation (red ellipse) is focused onto a single row of pixels on the CIC (red line). The section highlighted as a red ellipse in (A) is seen as a red circle in (B). The region of the specimen sampled by a single pixel of the CIC is shown as a double inverted cone shape (blue region). Points far from the focal plane will not appear sharply focused in the image ( pale blue shading), while those closer to the plane will be more focused (darker blue shading). Although confocal microscopy attempts to minimize the noise from out-of-focus regions by illuminating only those points on the focal plane, in our experiments we made the sample cones as narrow as possible (11) so that the sampled region approximated a narrow cylinder through the specimen. Because the depth-of-focus was not always large enough to include the entire specimen, we adjusted the position of the axis of rotation so that only the front half of the specimen was in focus. This ensured that every part of the specimen was imaged in focus during a full 360 degree rotation (11) . (C) The sampled regions from adjacent pixels were distributed across the section as an approximation of parallel line integrals. A 50-m thick vibratome section cut through a similar whole-mount stained embryo, in which expression can be seen in the proximal forelimb bud ( pfb), prevertebrae ( pv), rib primordia (rp), hindlimb bud (hlb), and superficial region of the otic vesicle (ov). Dark blood can also be seen in the liver (l) and heart (h). (C) The 3D OPT reconstruction of the embryo shown in (A) [see (20) ]. Virtual sections in three orthogonal planes are shown, within the context of the full 3D block of voxel data. The last column shows two comparisons between virtual OPT sections (D and F) and in situ hybridizations that were performed on cryostat sections (E and G). All the sites of expression shown in the OPT sections (around the nasal cavities, nc; the forelimb bud, flb; proximal limb bud, plb; prevertebrae, pv; rib primordia, rp; and around the heart) are shown in the corresponding cryostat sections. The cryostat staining shown just ventral to the neural tube is not shown in the OPT section, because that tissue was too deep for reagent penetration during the whole-mount staining procedure. raphy generates raw data that can be mapped directly into 3D space, because each discrete measurement relates to a volume element (called a voxel) in the final representation. By contrast, the raw data obtained in projection tomography must be mathematically transformed to recreate the original object (8) . The most successful applications of projection tomography have been techniques like medical computerized tomography (CT) scans, in which the rays (x-rays in this case) are not significantly refracted or scattered when passing through biological tissue. The emerging field of diffuse optical tomography uses infrared wavelengths that can traverse as much as 10 cm of living biological tissue, but the resulting scattering of light means that only low-resolution reconstructions are possible (9) .
High-resolution imaging using the principle of projection tomography requires that the raw data captured must approximate line integrals through the specimen. Although previous technologies (such as x-ray CT scanners) detect the unfocused shadow of the specimen, we wanted to explore whether an image-focusing optical system (such as a microscope) could be used to obtain suitable data, because this would allow standard fluorescent imaging to be performed in addition to brightfield imaging. An apparatus was constructed (10) that rotated a specimen through 360 degrees around a single axis while holding it in position for imaging (Fig. 1A) . The specimens were supported in a transparent cylinder of agarose gel (1% low-melting-point) and rotated through angular steps of 0.9 degrees (11). A digital image of the static specimen was taken at each of the 400 rotated positions. To reduce scattering and refraction of light as it passed through the specimen, the rotating specimen was immersed in Murray's Clear during imaging (a 1: 2 mixture of benzyl alcohol and benzyl benzoate). Figure 1 shows how the images taken approximated parallel projection data through the specimen. After the 400 images were taken, virtual sections were independently reconstructed using a back-projection algorithm (8) , and high-resolution representations of sections through the specimen were produced.
The discovery that OPT microscopy could map the light-absorbing properties of tissue suggested that it might be possible to image the 3D distribution of gene expression patterns as revealed by in situ staining techniques. A standard protocol (10) was used to perform a wholemount in situ hybridization on an E11.5 mouse embryo for mRNA expression of the Sox9 gene ( Fig. 2A) (12) . The embryo was then prepared and scanned as for unstained specimens. Reconstruction of the embryo gave a detailed 3D description of the expression pattern (Fig. 2) . The production of a 3D data set for the specimen meant that this single embryo could then be virtually sectioned in any orientation, allowing accurate determination of the sites of expression. The results were compared against those from more traditional techniques (thick vibratome sectioning of whole-mount labeled embryos, and in situ hybridization performed on parafin wax sections) (Fig. 2) . All dark regions of the embryo were recorded in the OPT reconstruction (including the pigmented retina of the eye).
Fluorescence microscopy provides an advantage over normal light microscopy because one can use it to image multiple signals independently. We therefore tested whether the OPT approach could use fluorescent images as its raw data. We adapted fluorescent immunohistochemistry protocols to allow the wholemount staining of large specimens and imaged these with the OPT rotational stage, under a ; green, neurofilament. In (F), the autofluorescent iso-surface has been rendered transparent so that the 3D shapes of the antibody staining patterns can be seen within the embryo, and the high autofluorescence of blood in the heart has been rendered in red. These 3D representations can be viewed from any angle, as seen in (G), which is a different view of the reconstruction shown in (F). (H) A close-up of the developing nerve tracts in the head of the embryo. The colors (which were manually "painted") of the ganglia are yellow, trigeminal ( V); red, facial ( VII); blue, glossopharyngeal (IX ); green, vagus ( X) and accessory ( XI); and white, the ventral side of the neural tube [as seen in (F) and (H) as a green signal]. (I) Two representations of the same data. On the left is a 3D iso-surface representing the shape of the HNF3␤-expressing tissues (esophagus, o; lung buds, lb; stomach, s; dorsal and ventral pancreatic buds, dp and vp; and bile duct, bd). On the right, the same HNF3␤ signal can be seen within the context of the whole embryo as a virtual section. HNF3␤ expression can be seen in the lung buds (lb) and the floorplate (fp) (blue), and neurofilament expression can be seen in the nerve tracts (green).
dissecting microscope with fluorescent imaging capabilities. Figure 3 shows the images of an E10.5 embryo stained for HNF3␤ and neurofilament proteins. Filter sets were chosen to selectively image the two fluorochromes used (Alexa 488 and Cy3), and a third set was used to record the autofluorescence emitted by all the tissue. The images for each fluorescent channel were then used independently in three reconstruction calculations. Because the embryo was imaged in exactly the same position for each fluorescent channel, the three reconstructions could be mapped into the same 3D space. Tissue-specific labeling by certain antibodies makes this process ideal for describing the 3D shape of developing embryonic organs. We used HNF3␤ antibodies to label the developing endoderm and the floorplate of the spinal cord (13, 14) , and we used neurofilament antibodies to label developing neurons. From the OPT reconstructions, we could view the signals as virtual sections (Fig. 3, B and E) , which could be cut through the data in any orientation. Alternatively, 3D iso-surfaces (contours that connect all regions above a certain threshold intensity) could be generated to illustrate the shapes of the signal, and therefore the shapes of the tissues in which they were expressed (Fig. 3, F to I ). Using suitable software, these surfaces could be rotated and examined from any angle, rendered in different colors or varying degrees of transparency, and combined to illustrate their spatial relationships to each other (Fig. 3 F and G) .
We explored whether OPT microscopy could reveal aspects of mutant morphology that would be hard to detect by other means. The asplenic phenotype of Bapx1(Nkx3.2) null mice has been described previously (15) (16) (17) ; however, on closer examination, we observed a slightly abnormal overall shape of the developing stomach, which has not been previously reported. We performed whole-mount immunohistochemistry on the isolated foregut region from E13.5 embryos, using antibodies against the E-cadherin protein, which is expressed in the endodermal component of the developing esophagus, stomach, pancreas, and duodenum (as well as other structures) (Fig. 4, A  to D) . Figure 4 , E to H, illustrates how the results from OPT microscopy allow a simple, direct comparison of morphology between wild-type and mutant specimens. This analysis highlights the fact that the posterior walls of the mutant stomachs are lined with grooves and ridges, a feature not previously reported (18) . If physical sections alone had been used for this analysis, the undulations in the ventral side of the stomach might have been considered to be an artifact caused by mounting the sections onto glass slides (a process that invariably introduces some distortion of the tissue).
Although good anatomical and morphological descriptions of embryo development form one of the foundations for developmental biology, our knowledge is far from complete. The speed and convenience of OPT microscopy raises the possibility of a new phase of 3D descriptive embryology. 3D reconstructions of shapes such as the developing nervous system (Fig. 3) would be difficult, if not impossible, using any published techniques. Confocal microscopy cannot image through a whole em- (21)]. Although the contrast between adjacent structures is high, the resolution is not sufficient to clearly identify all the internal organs. (C) A virtual sagittal section through an E11.5 mouse embryo generated by OPT microscopy using brightfield images. (D) A similar section through an E10.5 mouse embryo generated by fluorescent OPT microscopy. In both fluorescent and brightfield OPT imaging, the resolution is higher than that from MRI, although the alignment of the data is better than the alignment produced by serial sections (because it is a nondestructive imaging technique). The effective resolution of OPT is 5 to 10 m, which is indicated by the fact that single-cell membranes (which are about 10-m thick) can clearly be seen. Fluorescent OPT generally produces sharper images than does brightfield OPT [as seen in the comparison between internal organs in (D) versus (C)].
bryo, magnetic resonance imaging does not capture data at high enough resolution (Fig. 5) , and serial sections cannot be aligned well enough to recreate structures as fine as nerve fibers (19) . Any colored stain can be imaged in the same way as the in situ analysis shown in Fig. 2 , allowing for the 3D visualization of results from many other types of experiments (for example, tissue-specific activity of enhancers and promoters in LacZ reporter constructs, cell lineage studies, and gene-trap experiments). The main disadvantage of OPT microscopy, as compared to MRI, is that high-resolution reconstructions depend on the specimen being transparent and its tissues possessing a homogenous refractive index.
The increasing demand for comprehensive gene expression data has led to the creation of large-scale bioinformatics databases, some of which aim to store data on the 3D expression patterns of thousands of genes (1). We believe OPT microscopy will dramatically increase the rate at which such data is gathered as well as facilitate the detailed examination of mutant phenotypes from large-scale mutagenesis screens.
In addition to its use in developmental biology, OPT microscopy has the potential for use in medical applications for which knowledge of the 3D structure of a specimen may be useful, but not readily accessible from histopathological sections. The selective activity of pyrimethamine has traditionally been attributed to higher affinity of the drug for Plasmodium DHFR-TS than for human DHFR (2, (4) (5) (6) . However, other DHFR-TS inhibitors, which lack parasite-specific affinity, also show selective toxicity for malaria (7) (8) (9) . WR99210 is a potent inhibitor of P. falciparum proliferation in culture (median inhibitory concentration IC 50 ϭ 0.1 nM; Fig.  1A ) (9, 10) . In contrast, human fibroblast HT1080 cells tolerate this compound (IC 50 ϭ 6300 nM; Fig. 1A ) (10) . The large difference in sensitivity to WR99210 is not due to differential affinity for DHFR: Enzyme kinetic assays revealed a mere 10-fold difference in binding of WR99210 between Plasmodium DHFR-TS (inhibition constant K i ϭ 1.1 nM) and human DHFR (K i ϭ 12 nM) (10) . Integration of one human DHFR coding sequence in P. falciparum is sufficient to shift the IC 50 of WR99210 from 0.1 nm to 860 nM, as previously reported (11, 12) . This degree of resistance is similar to that of human cells (Fig. 1A) . Thus, WR99210 selectivity does not arise from host-parasite differences in drug uptake, metabolism, or export.
Host-parasite differences in the regulation and expression of DHFR and TS may play a role in drug selectivity. Mammalian DHFR and TS levels increase with specific drug treatment (13) (14) (15) : Methotrexate causes accumulation of DHFR protein (13) , and 5-fluorouracil and D1694 increase TS levels (15, 16) . Translational control determines such drug-induced target overproduction in mammalian cells. In the absence of substrates or drugs, mammalian DHFR and TS bind their cognate mRNA within the coding region and block translation (16 -18 
